ABSTRACT UV light-induced reactions of o-fluorobenzoyl chloride (FBC) were investigated using infrared spectroscopy in a cryogenic Ar matrix. Photoinduced rotational isomerization from anti-to gauche-FBC was confirmed by comparison with calculated spectra. In addition, photolysis products were found to be ketene species
Introduction
Benzoyl chloride derivatives have been used as a reagent for the syntheses of anticancer [1] , antileukemic [2] and antiadenoviral [3] agents. Despite its practical use, the available properties on the structure and spectroscopy are relatively scarce. Using gas electron diffraction, the conformations of ortho-halobenzoyl chloride were studied by Johansen et al. [4] who determined that as the size of a halogen atom increases, the equilibrium torsion angles of φ(C(X)-C-C(=O)-Cl) for gauche and anti conformers also increase due to the steric effect. They found φ(C(F)-C-C(=O)-Cl) to be +44.4(24)° and -179.9(6)° for gauche-and anti-o-fluorobenzoyl chloride (FBC), respectively, and the ΔG°(gauche-anti) to be +0.48(42) kcal mol -1 at 386 K [4] . They also performed theoretical calculations at different levels. Contrary to observations, non-planar geometries were found for both conformers, and φ(C(F)-C-C(=O)-Cl) was calculated to be 33.4-44.2° and -147.4--157.5° for the gauche-and anti-FBCs, respectively.
Despite previous investigations of the infrared spectrum of FBC [5] , no spectral interpretation of conformers has been conducted. In the photolysis of benzoyl chloride in solid Ar, a ketene species (6-chloro-2,4-cyclohexadien-1-ylidenemethanone) was formed as an intermediate product followed by its dissociation to yield chlorobenzene and CO [6] . In contrast to the photolysis of benzaldehyde [7] , the formation of a benzoyl radical was not confirmed.
In the present study, FBC's infrared spectra were measured in a low-temperature Ar matrix. Due to the narrower bandwidth and lesser complexity of the spectrum in the matrix-isolated species than in vapour and liquid, the absorption bands for different conformers can be separated. Coexistence of the anti and gauche conformers was confirmed in FBC through matrix-isolation infrared spectroscopy combined with UV irradiation and DFT calculations. The observed infrared bands of each conformer were separated and assigned.
Experimental
FBC (Wako Pure Chemicals Industries, Ltd.) was purified by a freeze-pump-thaw cycle at 77 K and was diluted with argon gas (Nippon Sanso, Japan, range with a resolution of 1.0 cm −1 using a SHIMADZU FTIR 8300 spectrophotometer equipped with a liquid-nitrogen-cooled MCT detector. Each spectrum was obtained by acquiring 128 scans. Under the sample conditions mentioned above, the populations of conformers just after deposition were assumed to be the same as those at the temperature of the gaseous sample just before deposition (298 K). The photoexcitation effect was examined by irradiating the deposited samples with UV light for 1-300 min.
A Xe short arc lamp (HAMAMATSU, C2577) with a bandpass filter (HOYA, U340, 260 < λ < 380 nm) or a low-pressure mercury short arc lamp (HAMAMATSU L937-04, λ > 253.7 nm) was used as the UV light source combined with a water filter to avoid thermal radiation. The UV-Vis absorption spectrum was measured with a SHIMADZU UV-3150 spectrophotometer.
For product identification and energetic consideration, a molecular orbital calculation was performed using the GAUSSIAN 09 program [8] . Geometry optimizations were performed using the Becke's three-parameter hybrid density functional in combination with the Lee-Yang-Parr correlation functional (B3LYP) and the 6-311++G(3df,3pd) basis set [9, 10] 3. Results and discussion 3.1 Separation and assignments of the infrared bands of the conformers An FBC/Ar mixture was deposited on a CsI window (FBC/Ar = 1/1000). In the infrared spectrum obtained after deposition, strong bands were observed at 1794 and 886 cm -1 , which were attributed to the C=O and C-Cl stretching vibrations of FBC, respectively [5] . 4 shows the difference spectrum obtained by subtracting the spectrum measured before UV irradiation from that measured after UV irradiation for 60 min.
Two strong bands were observed at 2142 and 2139 cm -1 . The latter band behaved as a group A band after prolonged irradiation. Ketene species and CO absorption bands are known to emerge in the ~2140 cm -1 region [14] [15] [16] . In fact, in the photolysis of benzoyl chloride the ketene product showed the absorption band assigned to the C=C=O asymmetric stretching vibration at 2120 cm -1 and the CO product showed the absorption band at 2138 cm -1 [6] . The CO was produced almost concomitantly with the formation of chlorobenzene from the intermediate ketene species. Therefore, the band at 2139 cm -1 was assigned to the vibration band of CO whose wavenumber was slightly blue-shifted due to the presence of the adjacent band. Ketene species might be produced in the photolysis of FBC. Hence, species attributed to group B bands were identified with CHM and tentatively syn-FBR. Table 2 lists the observed and calculated wavenumbers of the intermediate products.
Reaction mechanism
Along with the absorption band caused by CO, the bands caused by o-CFB continued to increase with time and became the main bands seen in Fig. 4 energy will excite FBC into the S2 state as shown in Fig. S1 . In the Franck-Condon region, two triplet states, T1 (3.51 eV, ππ*) and T2 (4.00 eV, nπ*), were calculated to exist below the S1 state. The carbonyl compounds are known to undergo α dissociation in the singlet and triplet nπ* states. Hence, FBC will photodissociate to form an o-fluorobenzoyl radical and a chlorine atom. Since both the S1 and T2 states are characterized as nπ* states, the intersystem crossing from the S1 to T2 state would not be efficient due to the El-Sayed rule [18] . Therefore, the reaction will prefer to proceed in the singlet state. With respect to the geometry of the PhCO group, distinctly different o-fluorobenzoyl radical structures, a linear and a bent form, exist, which were given the name CHMR and FBR in §3.2, respectively. The formation of CHMR is symmetry-allowed because of the correlation between the states [19] . The energy difference between CHMR and syn-FBR was calculated to be 3.7 kcal mol -1 , which is relatively small compared with the energy of the acetyl radical (25 kcal mol -1 ). This small energy difference is caused by resonance stabilization in the linear structure.
Therefore, CHMR and the chlorine atom that are produced will recombine to form CHM in the matrix cage. Alternatively, a vibrationally excited S0 state of FBC may be produced when the efficient internal conversion from the S1 state occurs. possessing a σC-Cl* character contributes to the excited states of S1, S2 and S3. Once the CHM is excited upon irradiation, C-Cl bond dissociation occurs to form CHMR and Cl.
Then, the CHMR may release CO to form a 2-fluorophenyl radical (FPR) upon UV irradiation. This is analogous to the dissociation of CH2=C=O [20] . In fact, the MOs of the C=C=O moiety of CHMR are relevant to those of CH2=C=O. The other intermediate product, FBR, will also dissociate to form FPR and CO. Since the CHMR and FBR can reach the D12 and D9 states upon UV irradiation, respectively, the dissociation paths will be complicated. Otherwise, followed by the recombination with the Cl atom in the matrix cage, o-CFB will be formed. When a recombination of the Cl atom was attained at C(6) of the FPR to yield carbene, the ensuing hydrogen atom migration resulted in m-CFB formation. The TS energy for the hydrogen atom migration was calculated to be 0.3 kcal mol -1 at the B3LYP/6-311++G(3df,3pd) level in the singlet state which was 7.1 kcal mol -1 lower compared with that for Cl atom migration.
Conclusions
UV light-induced reactions of FBC were investigated using infrared spectroscopy in a cryogenic Ar matrix. Photoinduced rotational isomerization from anti- Table 1 Wavenumbers (cm -1 ), intensities and assignments of anti-and gauche-FBCs. 
